Abstract-The photoconductance of magnetic tunnel junctions has been studied in order to obtain directly determined values of the tunnel barrier height. Experiments for different types of junctions show that the presence of an aluminum layer close to the oxide barrier is crucial for the observation of a large photocurrent. For Ni 80 Fe 20 -based magnetic tunnel junctions, the effective barrier height increases with increasing magnetic layer thickness between the aluminum source layer and the aluminum oxide barrier. This trend is also visible in the barrier height determined from a Simmons fit to the current-voltage characteristics.
Photoconductance in Magnetic Tunnel Junctions 
I. INTRODUCTION

F
OR THE understanding of the resistance and magnetoresistance (MR) of magnetic tunnel junctions (MTJs), knowledge of the height of the tunnel barrier is of crucial importance. Within the simple Simmons [1] or Brinkman [2] models, the energy barrier shape is assumed to be square or trapezoidal, respectively. The barrier height parameter and the barrier thickness can be determined in an indirect way, namely by a Simmons or Brinkman fit to the current-voltage characteristics of the junction. It should be noted, however, that the barrier height and thickness cannot be determined independently within these models. This is an important drawback if, for example, the thickness is nonuniform over the junction area. It has been shown that, in such a case, the barrier height obtained from a fit to the -curve is too high [3] .
Methods to measure the barrier height directly include ballistic-electron-emission-microscopy (BEEM) experiments where a scanning-tunneling-microscope tip is used as a source of hot electrons [4] , [5] . However, with BEEM only local barrier heights can be determined. These can be different from the integral barrier height [5] , which is important for device applications. Also, restrictions apply to the thickness of the top-electrode, because a significant part of the hot electrons must be able to traverse this thin layer without being scattered.
In this paper, we present results from a photoconductance technique, with which the transport properties across the insulating layer can be investigated. has been applied to MTJs to determine the potential step at the barrier/electrode interfaces in a direct way.
II. SAMPLE PREPARATION
The investigated tunnel junctions were all fabricated with the use of an in situ shadow mask system resulting in a cross-bar geometry. The substrates used were Corning 1737 glass slides that were chemically cleaned in a boiling ammonia/ethanol solution and exposed to an oxygen plasma prior to deposition to remove all organic material. The layers are deposited by dc magnetron sputtering in a Kurt J. Lesker ultrahigh vacuum sputter machine with a base pressure of 10 Pa. For oxidation, the sample is transferred under vacuum to a separate oxidation chamber, where an oxygen plasma can be ignited.
Through a metallic shadow mask in contact with the substrate, the bottom electrode is first sputter deposited. Then the mask is removed, and a 1.7-nm aluminum layer is uniformly deposited across the whole substrate. This layer is oxidized in an oxygen plasma for 90 s (pressure 9. Table I , were studied. MTJs prepared in a similar way with the same machine have previously been shown to give MR ratios of up to 20% [6] .
III. EXPERIMENTAL PROCEDURE
For the conductance, magnetoconductance, and photoconductance measurements, all carried out at room temperature, the setup shown schematically in Fig. 1 is used. All electrical measurements were performed using a four-point configuration.
For the optical excitation studies, a 75-W xenon lamp in conjunction with a 1/4 m Jobin-Yvon grating monochromator is used as a monochromatic light source. The absolute light intensity is measured using a calibrated photodiode at the sample position before each measurement. A mechanical chopper is used in conjunction with a lock-in amplifier to separate the photocurrent from the dark current. A bias voltage can be applied to the junction structure. The dc tunnel current as well as the ac photocurrent are measured with the use of a personal computer. Due to the significance of the lead resistances compared to a junction resistance also a photovoltage will develop across the junction. An active compensation circuit is used to stabilize the bias voltage and thus eliminate the photovoltage contribution. Finally, a camera is used to position the sample under the light spot.
All measurements were carried out at zero applied bias voltage and with the light incident through the top electrode. The light spot always completely covered the junction area.
IV. RESULTS
When a monochromatic light beam is incident on a junction structure, photons that penetrate the metal can excite electrons to a higher energy state. These hot electrons have, to a first approximation, an isotropic momentum distribution. Due to inelastic scattering processes, only a portion of the electrons will reach the barrier interface without energy loss. When the energy of the hot electrons is higher than the oxide potential barrier, these electrons can enter the conduction band of the oxide layer. When collected at the other electrode, they will contribute to the measured photocurrent. If the top electrode is thin enough also, electrons excited in the bottom electrode can contribute to the photocurrent. The total photocurrent is the sum of these two currents. In a simple analysis, the photocurrent can, for photon energies , be represented by the Fowler equation (see [7] and the references therein), from which the photocurrent is proportional to ( . Since the 1970s, it is already known that Al-AlO -Al junctions show a strong photoconductance [7] . Our results for type I samples (see Fig. 2 ) show indeed a large signal, from which the effective barrier height can be deduced (see below). We wanted to extend these measurements to our "standard" MTJs (type V) so that an easy and direct method for barrier height determination is obtained. However, these tantalum-topped exchange-biased tunnel junctions, showing magnetoresistance ratios of 20% and more, did not show any photocurrent. We attribute this presently to a quite short hot-electron mean-free path in Ni Fe [8] and Ta [9] , at energies above the expected energy barrier of 2 eV. To investigate the role of aluminum in photoconductance measurements, we made several different tunnel junction structures with Al present in one or both of the electrodes (types I-IV). It is clear from Fig. 2 that when Al is placed close to the barrier interface, a large photocurrent is visible. When Al is placed below the barrier (type III), the net electron flow is, for photon energies between 2.3 eV and 2.8 eV, from the bottom to the top electrode. These results clearly show the large efficiency of Al in forming a source of hot electrons that eventually contribute to the measured photocurrent.
Using the Fowler equation, the effective barrier height can be determined by plotting the square root of the photocurrent versus the photon energy [7] . In Table II , the determined effective barrier heights and the resistance-area product ( ) are presented. Except for samples of types I and III, all conductance curves could be fitted well with the Simmons equation. Types I and III showed a significant asymmetry in their current-voltage characteristics, which could only be fitted well with the Brinkman equation revealing a large barrier asymmetry ( 2 to 3 eV). They also have a higher product than the other junction types. This can be attributed to the fact that the oxidation process does not stop at a less reactive bottom electrode, whereas for the other junctions the Co Fe bottom electrode layer at least slows down the oxidation process [6] . This results then in a thicker and nonisotropic barrier layer, leading to a larger product and a significant barrier height asymmetry.
For type II and IV junctions, the composition is the same except for the top electrode, which apparently results in a lower effective barrier height when Al is situated at the interface. To investigate this further, a series of samples of type IV were made with varying thicknesses for the Ni Fe layer in the top electrode between the AlO barrier and the Al source layer. The barrier heights and the MR ratios are shown in Fig. 3 . A clear increase in barrier height with increasing Ni Fe thickness is visible, which is also accompanied by an increase in MR. Fitting the Simmons equation to the current-voltage characteristics of the different junctions corroborates this dependence: only the increase is much stronger, and the barrier thickness decreases with increasing Ni Fe thickness (not shown). However, when the barrier height determined from photoconductance experiments is used as a fixed fit parameter in the Simmons fit, the barrier thickness remains roughly constant (not shown).
Apparently, the Al forms a lower effective barrier height with AlO as compared to Ni Fe . Pollack and Morris [10] showed similar results on a Ni electrode. The Ni Fe thickness where the maximum TMR is reached (15-20 nm) is, however, much larger than previous results on Co Fe (4 nm)/Ta [11] . This suggests that the Al layer somehow changes the barrier/electrode interface, even at relatively large Ni Fe thicknesses, resulting in a lower MR. The exact cause of this influence is at present not clear.
Currently, we are investigating different materials to see whether material combinations other than Ni Fe -Al allow one to obtain a significant photoconductance as well as maintain a high MR ratio.
V. CONCLUSION
For the first time, photoconductance experiments have been carried out on magnetic tunnel junctions. The role of Al as an effective source and transport medium for hot electrons has been demonstrated. From a Fowler analysis, the barrier height for samples with different magnetic and nonmagnetic electrodes has been measured. It was found that the effective barrier height increases with increasing thickness of the Ni Fe layer between the barrier and the Al source layer.
